The kinetics of bacterial killing by colicin have been studied (8) by estimating, at various times after colicin addition, the number of surviving cells in samples taken from a mixture of colicin with sensitive bacteria and then diluted and plated for colony formation. After an initial phase of exponential killing, the number of survivors reaches a plateau. This plateau is dependent on colicin multiplicity and has been interpreted as corresponding to the number of cells not killed when the colicin has been fully adsorbed. A killing unit of colicin has been defined as the smallest quantity of colicin able to kill one bacterium; the number of killing units contained in a colicin solution is determined by measuring the killing level obtained at the plateau (8, 13) .
To study the rescue of colicin-treated bacteria, killing kinetics were obtained by diluting samples of a colicin-bacteria mixture in the presence of trypsin: the apparent killing kinetics were slower and ultimately reached the killing level obtained without trypsin. The trypsin supposedly prevented further adsorption ofcolicin and digested colicin molecules that had already adsorbed to bacteria but had not yet carried out the killing action (3, 6, 18, 22) (for review, see references 14 and 16). Plate and Luria (22) defined two stages in colicin action: I, in which colicin is adsorbed by sensitive cells and the bacteria are fully rescuable by trypsin; II, in which colicin K has exerted its killing I Present address: Service de Biochimie, C.H.U. La Pitid-Salpftri6re, 91 bd de L'H6pital, 75013 Paris, France. action and bacteria are no longer rescuable by trypsin. An energized state of the cytoplasmic membrane is apparently required for effective killing of bacteria by colicins (1, 10) .
When bacterial killing by colicin is measured by dilution into a medium containing sodium dodecyl sulfate (SDS), the killing kinetics are comparable to those observed with trypsin, although somewhat faster (3). SDS supposedly stops colicin action by causing desorption of colicin molecules that have not yet acted. SDS, however, also has the effect of dissolving bacteria on which colicin K or colicin El has already acted (3, 4) . Dissolution of bacteria already affected by colicin is complete within 5 min after SDS addition (4) . The effect of colicin K that renders cells sensitive to lysis by SDS will be referred to as sensitization. Two properties of SDS, arresting further killing of bacteria by colicin K and lysing cells already sensitized by the colicin, have been used in the present work as the basis for an assay ofbacterial killing that makes it possible to follow cell killing turbidimetrically on a colicin-treated culture directly, without dilution or other changes in culture conditions. The results presented here confirm that kinetics of killing are exponential and a function of colicin multiplicity but reveal additional features of colicin interactions with sensitive cells. 640 CAVARD and G6 uncA (23) . The colicin-tolerant strain was C600 tol II (19) . All strains are from the collection of S. E. Luria.
Buffers and saline solutions. Saline solutions contained 0.85% NaCl. M9 base contained Na2HPO4 Standard culture. The standard culture was a logphase culture of E. coli K-12 3000, grown in LB at 37 C with shaking to an absorbance of 0.25 at 600 nm, to which serum albumin (500 ,ug/ml) was added.
Colicin preparation. Colicin K was prepared by the method of Kunugita and Matsuhashi (12) , with modifications as indicated previously (10, 22 Other methods. Absorbance was measured at 600 nm on a Zeiss spectrophotometer. All centrifugations were done in a Sorvall centrifuge for 5 min at 7,710 x g, at 4 C. Colicin K assays by SDS and by turbidity. Aliquots (1.4 ml) ofa standard culture were added in a series of tubes to samples (0.1 ml) of colicin K in saline (or to 0.1 ml of saline). The tubes were incubated for 20 min at 37 C with shaking. For the SDS assay, 0.1 ml of an SDS solution (7.5 mg/ml) was added to each sample, and absorbance was measured 10 min later. For the assay by turbidity, 0.1 ml of each sample, before the addition of SDS, was removed, added to 1.9 ml ofLB, and incubated for 2 h at 37 C with shaking before measurements ofabsorbance. For the test with colicin K diluted in SDS, the same procedure was followed as for the SDS assay but with colicin K diluted in saline containing SDS (500 pg/ml). The percent survival was determined from absorbance ratio oftreated and control cultures. ent in the assay (33 ug/ml) is not sufficient to protect bacterial cells against colicin K (4). SDS is known to modify the structure of proteins (7, 25) .
RESULTS
This assay for colicin K is quite accurate for survivals of the order of 90 to 20%. On the other hand, the SDS assay method requires bacterial strains and cultural conditions that make normal cells resistant to SDS (4) and do not generate spurious turbidity with SDS.
Kinetics of killing by colicin K. The experiment of Figure 3 shows that the bacterial killing by a small amount of colicin K does not stop with time and continues for at least 2 h. Such kinetics would be obtained if colicin K provoked bacteriostasis rather than killing since the percentage of bacterial survival is calculated with a log-phase control culture. This appears not to be the case since a comparable picture is observed when both control and treated cultures are put into bacteriostasis with chloramphenicol (100 u/ml) or cyanide (3 mM). Chloramphenicol does not influence the speed of colicin K killing, whereas cyanide slows it down markedly. Similar kinetics are observed with sensitive bacteria of various E. coli K-12 strains (3000, G6, and G6 uncA) and in different media (LB broth, synthetic M9, or LPS) and with colicin K or El.
In the assay (Fig. 1) , SDS was added routinely 20 min after colicin K treatment; as seen in Fig. 2 and 3 , at this time killing by colicin K is far from complete. Since the kinetics never reach a final plateau in contrast to the kinetics described previously, killing units of colicin as defined by Jacob et al. (8) cannot be determined under these conditions. Only the rate of killing can characterize the amount of colicin.
Stopping of colicin K killing by centrifugation and resuspension of bacteria in fresh medium. To test whether colicin was irreversibly adsorbed to bacteria long before they became sensitized to SDS, treated bacteria were centrifuged at different times after addition of colicin K, resuspended in fresh medium, and incubated under the same conditions. As seen in Fig. 4A , killing is stopped. Either the surviving cells had not adsorbed colicin at the time of centrifugation (which means that some colicin must still be present in the culture and that surviving cells can live in a medium containing free colicin without adsorbing any of it during a substantial amount of time) or any colicin they had adsorbed became desorbed in the culture or after resuspension in broth. No colicin was found, however, in the resuspension medium after 5 or 20 min of incubation, although it might be present in such small quantities as not to be detected by the assay. A third possibility, that killing required some component ofthe medium in which the bacteria had grown, was eliminated by resuspending treated cells either in fresh broth or in broth in which control bacteria had grown and been eliminated by centrifugation.
Presence 20 min of incubation, samples were centrifuged. The supernatants were removed and assayed as described in the legend ofFig. 1, but 0.5 ml ofsupernaxtant was added to 0.9 ml ofa culture ofE. coli 3000 in LB (absorbance, 0.375). The 0-min supernatant was taken from LB treated with colicin K in the same manner as the culture.
the supernatants of centrifuged colicin-treated cultures as described in the legend to Fig. 1 , no significant killing is observed since the volume of supernatant used is too small. To assay a greater volume of supernatant, the bacterial culture used is added in a smaller volume but in higher absorbancy in such a way that the final absorbance and the final volume are similar to those described in Fig. 1 . Under these conditions, a significant killing is obtained in 20 min. The amount of colicin present was about the same from 1 to 20 min after addition of colicin, even though the bacterial survival decreased from 90 to 25% during that time (Fig. 4B) .
Supernatants taken after 20 min of colicin treatment gave kinetics of killing on sensitive bacteria similar to those produced by the original colicin medium. This is shown in Fig. 5 , from an experiment in which conditions were equalized by adding pelleted bacteria to supernatants of treated or untreated cultures: the rate of killing decreases only slightly between the first and the second cycle of admixture with bacteria. The killing agent present in these supernatants is colicin K and not some toxic product secreted by colicin-killed cells-it kills only colicin K-sensitive cells and is destroyed by SDS or trypsin.
The amount of colicin does not decrease significantly in the culture during the killing process. During the killing, adsorption of colicin could occur simultaneously with an activation of some molecules of colicin that were previously inactive. For example, release or inhibition of immunity protein, which has been found to be associated with some colicin in purified colicin preparations (9) , could give rise to active colicin.
Destruction of free colicin in bacterial cultures. Trypsin at 500 ,ug/ml (20) or SDS at 500 ,ug/ml (Fig. 1) inactivates colicin promptly. Either agent added to a colicin K-treated culture immediately stops the killing action ( Fig.  6 ): this stopping is clearly due to destruction of free colicin.
After addition of trypsin, the percent survival increases slightly with time (Fig. 6a) in particular the membrane change that allows SDS to dissolve the membrane. The sensitizing event has already been reported to be reversible after T4 phage adsorption (4) . It may be due to a cytostimulation of bacteria after total or partial destruction of adsorbed colicin by trypsin. Such a cytostimulation has been observed after adsorption of antibodies to E. coli (17) .
Bacteria have been shown to be fully rescuable by trypsin when they are treated by colicin at 4 C (21). The experiment described in the legend to Fig. 7 attempted to test whether, at that temperature, they could also be rescued by centrifugation and resuspension in a fresh medium. The results indicated that, although some killing occurred with time at 4 C, elimination of free colicin by centrifugation protected a substantial proportion of the bacteria. If no centrifugation was performed, these bacteria were killed upon return to 37 C. Assays of colicin in the supernatants show, once again, no decrease in the amounts offree colicin as a function oftime whether the centrifugation was performed during treatment at 4 C or after return of the bacteria to 37 C.
Free colicin in the treated culture can also be destroyed by shaking at 37 C if serum albumin is not added to the culture. This colicin destruction might explain the plateau in the killing kinetics reported by various authors. DISCUSSION A study of the kinetics of killing in a logphase culture of sensitive E. coli cells by colicin K by means of the SDS-sensitization assay has revealed certain novel aspects of the system. Killing occurs at an exponential rate with time, with no evidence of a final plateau. Free colicin continues to remain in the cell-colicin mixture while cell killing proceeds.
No special physiological condition such as a special stage in the bacterial cell cycle is required for colicin K killing since the rate of killing is a function of colicin multiplicity: almost immediate killing, as revealed by sensitization to SDS, is observed after the addition of a large amount of colicin.
The traditional view of the colicin killing process (3, 6, 18, 21, 22) has been that firm adsorption of colicin occurs fairly rapidly upon random collisions with bacterial cells and is followed by a slower, randomly occurring, biochemical lethal event, as evidenced by the failure to rescue treated bacteria by trypsin, with the resulting overall kinetics being exponential. If so, under the conditions described in the A standard culture ofE. coli 3000 was incubated at 4 C for 15 min before being divided into two parts, one of which was treated with colicin K (0.25 pglml). Both cultures were kept at 4 C for 25 min before being returned to 37 C. At the times indicated, a sample of each culture was centrifuged; the pellets were resuspended in LB and incubated at 37 C. Survival was measured as described in the legend ofFig..2. Supernatants were assayed for colicin K activity as described in the legend of 
